INTRODUCTION
Cell-surface proteins secured to the plasmalemma by structurally complex glycosyl-Ptdlns anchors (GPI anchors) display broad functional diversity ranging from hydrolytic enzyme activities as in acetylcholinesterase to the various antigenic roles of surface antigens. It has been suggested that the GPI-anchor itself may exhibit functional properties in addition to its well documented and obvious role in tethering selected proteins to the exterior boundary of cells. For example, degradation of the anchor would result in the release of the affixed protein and, in certain cases, generate lipid catabolites (diacylglycerols and inositides) known to participate in signal-transduction cascades. However, elucidation of the functional significance of GPI anchors has lagged significantly in comparison with the detailed structural studies performed.
Recently, several papers describing the occurrence of GPIanchored proteins in various species of the ciliated protozoan Tetrahymena have been published [1] [2] [3] [4] , including preliminary structural studies on the PI-glycan (where PI is Ptdlns) precursor from Tetrahymena mimbres [3] . These studies have shown that the T. mimbres PI-glycan is structurally unique and represents a third, intermediate PI-glycan arrangement. It has also been reported that the immobilization antigens of Tetrahymena thermophila are GPI-anchored [4] . Working from this information and reports of the potential of GPI-anchored proteins to transduce signals across cellular membranes, we hypothesized that GPI-anchored proteins would be present in Tetrahymena vorax and were likely to be involved in the signal-mediated differentiation of these cells.
This [5, 6] . The mechanism of action of stomatin in the induction of differentiation in T. vorax is unknown; however, our data show a relationship between continuous GPI-anchored protein assembly and the ability of T. vorax to respond to the differentiation inducer.
MATERIALS AND METHODS
Cell culture Cultures of T. vorax V2S(Subline3-C) were grown at 20°C in 500 ml
Erlenmeyer flasks containing 50 ml of autoclaved enriched proteose peptone medium [7, 8] . Stocks were transferred to fresh medium every 72 h and cell densities were estimated by the method of Hall et al. [9] .
Preparation of the differentiation inducer and Induction of dIfferentlatIon
The differentiation inducer, stomatin, was prepared from litre cultures of Tetrahymena pyriformis GL as described by Buhse [5] . Dry stomatin was solubilized in distilled, deionized water to a concentration of 15 mg/ml and stored at -20°C in 1.5 ml filtersterilized aliquots. Cells in late exponential phase (2.0 x 105 cells/ ml) were manipulated as previously described to induce differentiation [5, 10] . [11] lacking reducing agents and tracking dye was added to each pellet. After rapid mixing, the samples were heated at 100°C for 3 min and cooled to room temperature. Protein was precipitated by the addition of 5 vol. of -20°C acetone followed by incubation on ice for at least 15 min. Protein was pelleted by microcentrifugation for 3 min. Remaining non-covalently associated labelled lipids were removed by washing the pellets five times in 1.0 ml volumes of chloroform/methanol (2: 1, v/v). All supernatants from the organic solvent washes were saved and counted for radioactivity using a Packard Tri-Carb 2250CA liquid scintillation counter. The delipidated protein pellets were dried under reduced pressure and solubilized in small volumes of appropriate buffer.
Some samples were then extracted with chloroform/methanol/ water (10: 10: 3, by vol.) to remove free PI-glycans [12] . Aliquots of protein and PI-glycan were removed for scintillation counting and protein assay using either the Bradford [13] or bicinchoninic acid [14] method, depending on buffer composition.
SDS/PAGE and fluorography
Total cellular proteins and molecular-mass standards (unlabelled and 14C-labelled markers; Gibco/BRL) were electrophoresed (BRL Model V16) on 15 % (w/v) polyacrylamide slab gels at a constant 150 V according to Laemmli [11] . Proteins were visualized by staining in Coomassie Brilliant Blue R-250. Gels were then either cut into 1 mm slices for scintillation counting or prepared for fluorography by soaking in Resolution (EM Corp.). Dry gels containing fluor were placed against Kodak X-Omat film that had been pre-flashed in order to increase its sensitivity and linearize the signal response. [17] [18, 19] . The ability of ManN to inhibit incorporation of 3H-labelled fatty acid into PI-glycans and GPI-anchored proteins of T. vorax was examined by exposing cells to 10 mM ManN for 2 h before addition of label. Label uptake and specificity of incorporation were determined by scintillation counting and fluoro--graphic analysis of SDS/PAGE-gels of delipidated protein.
The effect of ManN on T. vorax differentiation was examined by pre-incubating cells in various concentrations of the inhibitor for 30 min to 3 h before the addition of the differentiation inducer, stomatin. In other experiments, D-mannose and Dglucose were tested for their ability to inhibit competitively the effects of ManN. A second amino sugar, D-glucosamine, was also tested. The percentage of differentiated cells in treated samples was compared with that in control samples lacking ManN. Other experiments were performed to determine the rate ofphagocytosis in the presence of ManN. Cells were pre-incubated for various times in 20 mM ManN. Pelikan India ink (2 ,1) was added to 1 ml ofcell suspension and incubation was continued for precisely 5 min, at which time 20 lzl of 25 % glutaraldehyde were added and the killed cells were observed using phase-contrast microscopy. The number of vacuoles containing ink/cell was determined and the number of vacuoles formed/cell per min was calculated.
ManN has been reported to affect N-glycosylation of proteins [20] . Cells were pre-incubated in the presence of various concentrations of tunicamycin before the induction of differentiation to determine any requirement for N-glycosylation.
To estimate the effect of ManN on the general metabolic state of cells, 02 consumption rates were determined at 25 "C using an 02 electrode (Banks Bros., Bottisham/Cambridge, U.K. Labelled, delipidated proteins were electrophoresed and the resulting fluorogram was subjected to densitometry. Four peaks of radioactivity were detected, corresponding to molecular masses of approx. 82, 50, 32 and 28 kDa (arrows). Labelled molecular mass standards were electrophoresed in parallel, analysed by densitometry and used to estimate the unknown molecular masses. A heavy band of radioactivity migrates as a smear near the buffer front of gels; this is extractable in chloroform/methanol/water (10:10:3, by vol.) and is composed of P1-linked glycans. See text and Figure 3 for additional details. Little or no labelling of the 82 kDa GPI-anchored polypeptide occurred during incubations in growth medium, but the peptide was heavily labelled when cells were incubated with tritiated fatty acids under conditions of nutrient deprivation (Figure 3 (Table 1 ). Sensitivity to PI-PLC is generally considered to be diagnostic for GPI-anchored proteins. The label was selectively lost from the three GPI-anchored proteins and from PI-glycan, as determined by electrophoresis of the enzymically treated fractions (Figure 4) . T.l.c. analysis of the released lipid in solvent system I showed that approx. 72% of the radioactivity co-migrated with authentic monoacylglycerol (monopalmitin)/glyceryl ether (octadecyl glycerol) standards. Of the radioactivity released by deamination of labelled protein using nitrous acid, 94 % remained at the origin in solvent system I, indicating a highly polar lipid, 83 % of the radioactivity from the same sample co-migrated with authentic Ptdlns in solvent system II. When the same samples were chromatographed on potassium oxalate-impregnated silica gel using the solvent system of Jolles et al. [17] , 74 % of the radioactivity co-migrated with authentic Ptdlns and 20% of the loaded radioactivity comigrated with authentic lyso-PI. The inclusion of 10 mM ManN in buffer containing the differentiation inducer blocked the ability of cells to differentiate (Table 2) . Differentiation in control populations averaged 80.5 + 10.3 % (mean + S.D.) whereas 10 mM ManN reduced differentiation to 3.1+2.5%. The effect was concentrationdependent, with 500,uM ManN yielding a 50% inhibition in differentiation. A second amino sugar, glucosamine, had no inhibitory effect on the ability of cells to differentiate even when used at twice the maximum concentration of ManN (Table 2) .
The inhibitory effect of ManN on differentiation could be competitively reversed by supplying cells with 20 mM D-mannose 30 min after ManN addition ( [20] . Cultures exposed to 0.5,ug of tunicamycin/ml for 75 min before stomatin addition exhibited 73 + 2.1 % differentiation versus 84 + 8.50% differentiation in controls lacking tunicamycin. Some homologues of tunicamycin are known to also inhibit protein synthesis. As continuous protein synthesis is required for differentiation to proceed, [3H]leucine incorporation was monitored. Even in the presence of 1 jig of tunicamycin/ml, differentiation remained three times higher than the degree of protein synthesis inhibition (approx.
21%).
Because differentiation in T. vorax requires the disassembly and reallocation of digestive vacuole membrane into a new and discrete structure [22] , the effect of ManN on phagocytosis was investigated. At each time point examined, the rate of vacuole formation was reduced by 500% or more in cells exposed to 20 mM ManN. Interestingly, whereas ManN appears to be specific in its inhibition of differentiation, glucosamine addition also reduced phagocytosis rates, but to a lesser degree (results not shown).
In vivo PI-PLC treatment of Tetrahymena vorax
Results from differentiation experiments wherein cells were preincubated with PI-PLC (5 units/ml of cell suspension) are shown in Table 2 . PI-PLC alone exhibited no capacity to induce differentiation above the background seen in buffer controls. When the differentiation inducer was included with PI-PLC, however, the differentiation process was accelerated. Maximum production of differentiated cells (X differentiation = 86.0 + 3.8 %, n = 2) consistently occurred 6 h after induction in the presence of PI-PLC. Controls lacking PI-PLC reached comparable maximum levels of differentiation 8 h after induction (80.5 + 10.3 %, n = 10). No attempt was made in this study to recover GPI-anchored proteins released into the medium by in vivo PI-PLC treatment as these experiments were performed on a micro-scale (100 l1 volumes) to conserve enzyme.
DISCUSSION
The data presented demonstrate that under standard culture conditions, T. vorax contains at least three discrete polypeptides (apparent molecular masses of 28, 50 and 82 kDa, respectively) that are anchored by GPI moieties. This conclusion is based on the fact that all three proteins could be labelled in vivo with a variety of radioactive components known to be present in GPIanchored proteins, including fatty acid, Ins, ethanolamine and amino acids. Furthermore, in vitro experiments showed that radiolabelled lipids could be enzymically released from these proteins by PI-PLC, a result generally considered to be diagnostic for GPI-anchored proteins. Although mannose labelling was not attempted, it was possible to inhibit 3H-labelled fatty acid incorporation into the GPI-anchors by pre-incubating the cells in ManN, an expected result if mannose is an integral part of the PI-glycan structure.
Fatty indicated that the PI associated with the anchors is likely to be heterogeneous and composed of alkylacyl-PI and lyso-PI. This result is in agreement with similar, more comprehensive analyses performed using T. mimbres [1] [2] [3] . No evidence that the T. vorax GPI-anchors contain ceramide lipid was obtained.
Of particular interest were the data indicating that the ability of populations of T. vorax to differentiate depends on continuous GPI-anchored protein assembly and that a new GPI-anchored protein appears during the differentiation event. The conclusion that GPI-anchored protein assembly is a probable requirement for differentiation comes primarily from the ManN inhibition experiments. Of critical importance is the observation that the reversal of ManN inhibition of differentiation was specific for mannose. This indicates that the reversal effect of mannose is not simply a matter of it serving as a carbon source for the nutrientdeprived cells. It might be argued that mannose was competing with ManN for uptake by the cells, but this is unlikely because ManN was administered to test cultures 30 min before the addition of mannose. The specificity of mannose reversal of ManN inhibition was demonstrated by the fact that glucose addition to inhibited cells yielded only a modest improvement in differentiation percentage, compared with the near complete reversal of inhibition elicited by mannose. These data, combined with the finding that heavy labelling of a typically minor 32 kDa GPI-linked polypeptide occurs during differentiation, strongly suggest a critical role for ongoing GPI-anchored protein assembly in differentiation. Previous work has demonstrated that T. vorax differentiation is dependent on continuous transcription [10, 24] , translation [10] , and fatty acid biosynthesis [10] , all of which must be functional for ongoing GPI-anchored protein synthesis and GPI-anchor assembly.
The hypothesis that ManN is specifically inhibiting differentiation by blocking GPI-anchor assembly is supported by the results that show that ManN, even at a relatively high concentration, does not significantly alter overall metabolism as judged by 02 consumption. The inability of tunicamycin to substantially inhibit differentiation indicates that the target of ManN inhibition is not N-glycosylation. These data strengthen our supposition that differentiation is linked to ongoing GPIanchor formation.
Our observation that ManN depresses the rate of phagocytosis probably does not indicate a direct dependence of phagocytosis on GPI-anchored proteins or their continuous biosynthesis. This conclusion is based on the finding that glucosamine was nearly as effective as ManN in suppressing vacuole formation at later time points. This interpretation is made somewhat ambiguous in that at early time points (30 min) after amino sugar addition to cells, glucosamine had little effect on vacuole formation rate whereas ManN exhibited a pronounced inhibitory effect.
The finding that T. vorax differentiation is accelerated in the presence ofexogenous PI-PLC is difficult to interpret at this time. A number of hypothetical mechanistic scenarios are conceivable. It is possible that the observed effect is coincidental and nonspecific, or that PI-PLC is acting on the small amount of membrane PI present in these cells to introduce localized disruptions in membrane structure which might facilitate the entry of stomatin into cells.
That the PI-PLC effect on differentiation is seen only in the presence of stomatin shows that the release of cell-surface GPIanchored proteins alone is insufficient to trigger differentiation. Pre-incubation of cells in PI-PLC before addition of stomatin should have prevented or slowed the induction of differentiation upon stomatin addition if a GPI-anchored protein was serving as a conventional receptor for a component of stomatin. It did not; differentiation was enhanced. A possible interpretation of these data would be that the GPI-anchored proteins are themselves a target of the differentiation process, and the presence of exogenous PI-PLC merely accelerates the normal sequence of events.
Although the data available are insufficient to explain the role of GPI-anchored proteins in Tetrahymena differentiation, an exciting possibility is that a transmembrane-signalling cascade is involved, perhaps one analagous to the caveolae-mediated potocytosis phenomenon recently reported for the transport of folate [25] . This hypothesis could account for the observations made to date in terms of the binding of a component of stomatin to a GPI-anchored receptor followed by internalization of the receptor plus the bound ligand. Interestingly, Tetrahymena have surface-associated structures known as parasomal sacs [261. Their function is unknown, but given their ultrastructural characteristics, they might function as primitive analogues of caveolae. Efforts are underway to purify the GPI-anchored proteins from T. vorax for detailed structural analysis, antibody production and gene cloning.
